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In this paper we identify and discuss some fundamental physical

mechanisms that will provide limits on the speed, power dissipation,

and size of optical switching elements. Illustrative examples are

drawn primarily from the field of bistable optical devices. We com-

pare the limits for optical switching elements with those for other

switching technologies, and present a discussion of some potential

applications of optical switching devices. Although thermal effects

will preclude their wide application in general-purpose computers,

the potential speed and bandwidth capability of optical devices, and

their capability for parallelprocessing of information, should lead to

a number of significant applications for specific operations in com-

munication and computing fields.

I. INTRODUCTION

A number of recent developments have increased the interest in

digital optical signal-processing devices and techniques. Laser tech-

nology has now advanced to the point that lasers are being used in

consumer electronics. Optical fiber communication systems are being

widely installed. Integrated-optics spectrum analyzers have been de-

veloped.

In the research stage it has been shown that optical fibers can be

used to transmit information at rates approaching 1 THz. 1,2 This rate

is much beyond the capabilities of any presently known electronic

light detector. Thus, to utilize this information-handling capacity,

some form of optical signal processing will have to be performed before

the light signals are converted to electronic ones.

Low-power integrated-optics light switches
3 and low-energy inte-

grated-optical bistable devices
4 capable of performing optical logic

have been demonstrated. It is tempting to propose that such digital
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optical switching elements be used to construct high-speed computers

as well as repeaters and terminal equipment for optical communica-

tions systems. To examine these possibilities we need to understand:

(i) What are realistic possibilities for speed, power dissipation, and size

for optical switching elements? and (ii) What are the fundamental

limits imposed by the physics of the nonlinear interactions, and by the

available optical materials?

Previous studies of these optical device limits have been made by

several authors. The pioneering work of Keyes5 examined several

nonlinear optical processes and concluded that thermal considerations

imposed severe limits on the use of optical logic elements. A similar

assessment was made by Landauer.6 A more optimistic conclusion was

reached by Fork,7 who suggested that by using suitable interactions

and resonant structures, competitive optical elements could be real-

ized. Recently Kogelnik8 has examined the role of integrated-optics

devices and has concluded that they may well be most useful in

performing functions that cannot be provided by other technologies.

In this paper we will attempt to provide a perspective on the ultimate

limits of optical switching elements, and the areas in which one might

expect optical signal processing to offer a significant advantage over

other technologies.

II. BISTABLE OPTICAL DEVICES

In this paper we will draw examples from the field of bistable optical

devices. This is to some extent due to a bias of the author, as he has

worked on these devices for several years. However, in many respects,

bistable optical devices are the most basic binary optical systems, and

they have a demonstrated capability for low-energy latching operation.

In addition, these devices are extremely versatile and can function as

optical limiters, differential amplifiers, and optical logic elements.

Their transmission can also be controlled by another optical beam
creating an "optical triode."

A generic bistable optical device is shown in Fig. 1. It consists of a

Fabry-Perot resonator containing a nonlinear optical material. This

nonlinearity can be either a saturable absorption (an absorption that

decreases with increasing light intensity), or a nonlinear refractive

index (a refractive index that increases or decreases with increasing

light intensity). The bistability arises from the simultaneous require-

ments that the intensity of light inside the resonator, and thus the

transmitted light intensity, depends on the resonator tuning (or the

loss in the resonator), and the resonator tuning (or the loss in

the resonator) depends on the intensity of light in the resonator.

The resonator transmission exhibits optical hysteresis, as shown in

Fig. lb.

1976 THE BELL SYSTEM TECHNICAL JOURNAL, OCTOBER 1 982



NONLINEAR
OPTICAL
MATERIAL

I

(a)

POWER IN

(b)

Fig. 1— (a) A generic bistable optical device, (b) Typical output power characteristic
for a bistable optical device.

Optical bistability has been demonstrated using both intrinsic de-

vices, which use materials with an intrinsic optical nonlinearity, and

hybrid devices, which use a detector and an electrooptic modulator to

create an artificial nonlinear medium.
Many types of bistable optical devices have been developed and

studied. Small, integrated-optics hybrid devices have been operated

with less than a picojoule ,of optical energy.
9 Two-dimensional arrays

of bistable elements using a liquid-crystal light valve have been dem-

onstrated for image-processing applications.
10 Nonresonant devices

have been developed that use no Fabry-Perot resonator and thus have

a broad frequency response and can switch very rapidly with a suitably

fast-responding nonlinear material.
11,12

III. SPEED AND POWER LIMITATIONS

In this section we will discuss the fundamental physical mechanisms
that limit the performance of these devices. Although we will specifi-

cally consider bistable optical devices, the results will be generally

applicable to any passive digital optical switching elements.

The switching speed of a bistable optical device is limited by the

buildup time of the resonator, and by the response time of the nonlin-

ear medium. In principle, the resonator response time can be made
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negligible by reducing the length of the resonator, or by using a

nonresonant configuration. The ultimate limit is set by the response

time of the nonlinearity. Materials exhibiting strong electronic nonlin-

earities are known with response times of <10~ 14 seconds. To operate

a device with such a short response time, however, requires high light

powers.

The switching power and switching speed of a bistable optical device

are not independent. For example, if the response time of a given

device is dominated by the resonator buildup time, the response time

can be reduced by a factor of two by halving the length of the

resonator. However, as only half the length of nonlinear material is

now available, twice the switching power must be used to reach the

switching threshold.

R. W. Keyes5 has discussed several physical processes that limit the

switching power and speed of optical devices. For any (nonreversible)

switching operation, it can be shown that a minimum energy of the

order of kT must be dissipated (k is Boltzman's constant and T is the

absolute temperature). Quantum mechanical considerations lead to

the assertion that a switching operation must dissipate at least h/r of

energy (h is Planck's constant and t is the switching time). These

limits are shown in Fig. 2, which is a plot of the power required for a

switching operation as a function of switching time, i.e., the time for

which this power must be applied. The frequency label on the horizon-

tal axis is appropriate if switching is being done repetitively so that a

switching time limit implies a limit on the.data rate.

Keyes has discussed the limitations imposed by the heat dissipated

in a switching element. For continuous operation, this heat sets ah

upper limit on the achievable switching rate (a higher rate would result

in an unacceptable temperature rise in the device). The region affected

by such thermal considerations is also shown in Fig. 2, assuming a

value of heat transfer coefficient (100 W/cm2
) that is appropriate for

liquid-cooled elements and a maximum acceptable temperature rise of

20°C. In many cases a lower temperature rise may be required because

of the rapid refractive index change with temperature exhibited by

most optical materials. It is important to note that a switching device

can operate in this "thermal transfer" region provided that it is

operated at less than the maximum repetition rate, or that not all of

the switching power is dissipated in the device.

Keyes considered the case of an optical switching device that oper-

ates by absorbing light that saturates an atomic transition and changes

the optical properties of the material. To achieve appreciable satura-

tion, the condition

aI>hc/\TD (1)
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Fig. 2—Limitations on optical switching devices. The frequency scale (at bottom)
applies for repetitive switching. The heavy lines indicate limits on optical switching

devices for the case of A = 0.5 fim (solid lines) and A = 5 /im (dashed lines).

must be satisfied. Here, a is the peak absorption cross section of the

transition, I is the light intensity, h is Planck's constant, c is the

velocity of light, A is the wavelength of the light, and rD is the decay

time of the transition. From the expression for the Einstein stimulated

emission coefficient, we can write

47r
2M 2r2

3ecM '

(2)

where |/x| is the dipole moment of the transition, T2 is the inverse line

width of the transition, and e is the vacuum permittivity.

The maximum intensity for a given input power is obtained in a
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waveguide geometry for which the input power, P, is given by

P~/A2
(3)

(see Section IV). Combining eqs. 1, 2 and 3 we obtain:

3eoh
2\2

c

A^\y.\
2T2rD

'

To evaluate eq. 4 we will assume a large dipole moment for an atom

given by

|/i| = eao, (5)

where e is the electronic charge and ao is the Bohr radius. We will

further take the response time, t, of the switching element to be

T = TD ~ T2 . (6)

(T2 cannot be less than td, and a larger T2 implies a larger switching

energy.) With these assumptions we find

A2

P> 1.2 X 10"24 X -z W, (7)
T

where A is in /tm and t is in seconds. This limit is plotted on Fig. 2 for

A = 0.5 jum and A = 5 jum and labeled "Absorptive Nonlinearity." Two
points should be noted. First, Keyes shows that a similar limit should

also apply for the case of a second-order nonlinear effect [x
(2)

process]

or for the case of a nonlinearity based on self-induced transparency.

Second, it has recently been shown that it is possible to find systems

in which one can use excitonic resonances
13

to obtain effective dipole

moments appreciably greater than eao. An example using such a

system is described in Section VI.

A different limit is found for the case of a third-order nonlinearity

[x
(3) process]. Let us consider a material exhibiting an optical Kerr

effect, i.e., the refractive index has a term proportional to the light

intensity. To obtain an appreciable effect, we require a change in phase

shift through the medium

A<£ > 77. (8)

If the refractive index change is n<J., where /12 is the optical Kerr

coefficient, then eq. 8 becomes

—— >"> (9)

where ^ is the length of the element. The delay time is governed by
the length

t = 71<//C, (10)
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where no is the (linear) refractive index of the material. Combining

eqs. 9, 10, and 3, we obtain

p>^-. aw
2/12CT

Note that the dependence of P on t is different from that in eq. 7.

How can we estimate n-p. We can argue that the nonlinear refractive-

index term should be of the order of unity for light fields of the order

of the atomic fields. Thus, we could write

nJ=no (12)

for light fields of the order of e/al. Now

J-55S* (13)

where E is the electric field strength of the light. We combine eqs. 12

and 13 to obtain

327T
2
€o<4 ,..,

ce
2

From eq. 14 we obtain n2 = 2.9 X 10" 17[W/cm2
]

-1
. Much larger

electronic nonlinearities are known, however. The polydiacetylene

PTS has the largest-known value;
12

it is n2 ~ 6 X 10" 12[W/cm2
]

-1
. The

reason for this large value is that the electrons are relatively unconfined

along the chain axis of the PTS molecules. Thus, effective distances

much larger than ao are encountered, and as n2 <* a 4
, nonlinearities

much larger than our estimate are found. The limits represented by

eq. 11 are shown in Fig. 2 for A = 0.5 /xm and A = 5 /an and labeled

"Reactive Nonlinearity." They are evaluated using the value of n2 for

PTS.

A third limit shown in Fig. 2 is derived from statistical considera-

tions. A number of photons large compared with unity is necessary to

define a switching state. We have somewhat arbitrarily taken 10
3

photons as this statistical limit, i.e.,

Pt = 10
3hc/X. (15)

This limit is also plotted in Fig. 2 for A = 0.5 /tm and A = 5 /mi.

A word of caution is in order here. These limits that we have

identified are "fuzzy" in that it may not be possible to do as well as

these limits, or it may be possible to do somewhat better than these

limits would indicate. In general, many kT of energy will be required

for stable switching devices. On the other hand, the use of a high-

finesse optical resonator will lower the required switching energy.

These limits are intended to be used as a guide and an indication of

the underlying physical mechanisms.
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An optical resonator decreases the required switching power at the

expense of a reduction in the bandwidth. A bistable optical device

utilizing a lossless material with a refractive nonlinearity has a switch-

ing power that varies as

Pocl/F2
, (16)

where F is the finesse of the resonator. In the region where the

switching time is limited by the resonator,

rocF (17)

so that the switching energy, defined as the product of the switching

power and switching time, is given by

Pr oc l/F. (18)

If the switching time is limited by the response time of nonlinear

material, t will not depend on F, and

PtocI/F2
. (19)

The limits shown in Fig. 2 were computed assuming no resonator, i.e.,

for F ~ 1. We see that with high-finesse resonators, switching energies

appreciably below the limits shown in Fig. 2 should be possible. The
10

3 photon limit will still apply, however.

IV. SIZE LIMITATIONS

To obtain the largest light intensity for a given input power, it is

usually desirable to focus the input light. The light can be focussed to

a cross-sectional area of ~A2
, but will diffract rapidly if not confined by

some waveguiding structure. For this reason the lowest-power switch-

ing devices are likely to be those in which the light is guided in an

optical dielectric waveguide with cross-sectional dimensions of ~X.

(Kogelnik
8 has pointed out that with a smaller dielectric waveguide,

the guided mode will extend beyond the waveguide walls so that the

minimum light-beam cross section will always be of the order of X.

Light can be confined to smaller cross sections using metallic wave-

guides, but in this case large absorption losses will result.)

The minimum length of the waveguide (i.e., the device) will depend

on the strength of the optical nonlinearity and on the finesse of the

optical resonator. In many cases the linear absorption loss of the

nonlinear medium will determine the resonator dimensions. Miller
14

has shown that for a high-finesse waveguide resonator containing a

material with a nonlinear refractive index and a linear absorption loss,

the lowest switching power will occur for a length of resonator such

that

1-R=A, (20)
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where R is the reflectivity of each of the resonator mirrors, and A is

the absorption loss per pass through the nonlinear medium. Ifwe write

A = at, where € is the length of the medium and a is the absorption

coefficient, this condition requires

a<f= tt/2F (21)

or

<f= 7r/2aF. (22)

Thus, the length of a device that is optimized-for 'minimum switching

power will be determined by the absorption coefficient and the finesse

of the resonator. If the nonlinearity is caused by the absorption of

light, then compact, fast, and efficient elements will require a large

value of a. Under optimized conditions the switching power, P, varies

as

P oc \/F. (23)

The optimum length of the device varies with R so that the resonator

response time, t, is independent of F. Thus, in this case we find the

switching energy

Pr oc l/F. (24)

In Table I, we show recent results from the literature on bistable

optical devices. We have taken the switching time to be the "recovery

time" of the device, i.e., the time constant for the return to equilibrium

in the absence of a driving signal. It is important to note that in many

cases a device can be switched on (or off) much more rapidly by the

application of a short, intense driving pulse. The data in Table I shows

a wide range of switching powers and speeds. As might be expected,

the fastest devices require the highest switching powers. The lowest

Table I—Experiments: recent results

Switching
Power
(watts)

Switching
Time

(seconds)

Switching
Energy
(joules)

Bistable Fabry-Perot resonators

CS2

Na vapor
GaAs
InSb

3X 10
5

lO"
2

2 X 10"'

lO"
2

5 X lO"
10

10~ 5

4 X 10
-8

<5 X 10" 7

1.5 X 10~ 4

io-
7

8 X 10" 9

<5 X 10"9

Hybrid bistable Fabry-Perot resonator

LiNbO.3 10"5 5 X 10
-8

5 X 10
-

'3

Bistable liquid-crystal matrix
Hughes liquid crystal light valve 5 X 10

-7
4 x 10

-2
2 X 10" 8

Nonlinear interface

Glass—CS2 2X 10
6

2 x 10" 12 4 X 10"7
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reported switching energy is for a hybrid, integrated-optical bistable

device. This low energy is possible because of the very large effective

nonlinearity created by the electrooptic modulator with electrical

feedback. Although for some applications long switching times or large

switching powers are acceptable, in general one wishes to minimize

each of these parameters. How much could we improve present bi-

stable devices by shrinking device dimensions to provide shorter transit

times and higher light intensities for a given input power?

We have extrapolated current experimental results to X2/n 2
cross-

section waveguide devices with a length adjusted for minimum switch-

ing energy. We have assumed a finesse of 30 for the Fabry-Perot

resonator and have considered the response time to be the undriven

recovery time of the device. The results are shown in Fig. 3. It is

interesting to note that with known devices and materials it should be

possible to approach rather closely the fundamental limits for optical

10-
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s
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w^" ENERGY = 1/iJ

^-HYBRID \
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^RvvSvv5v\ j'^V

\ ^v\ • lnSb
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IfJ \^
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Fig. 3—The points represent performance limits extrapolated from current experi-

mental values for waveguide Fabry-Perot resonators containing the polydiacetylene

PTS, the semiconductor GaAs, the semiconductor InSb, and a hybrid device using the
electrooptic crystal LiNbOs.
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devices; however, as we see in Table I, present laboratory devices are

not yet developed to the point where they are close to these limits.

V. COMPARISON WITH OTHER SWITCHING TECHNOLOGIES

How do these projected results and limits that we have derived

compare with those for other switching technologies? In Fig. 4 we
show how the limits for bistable optical devices compare with the best

reported values for two well-established switching technologies

—

semiconductor electronic devices, and Josephson devices. It is also

interesting to see how these devices compare with a biological switch-

ing device—a neuron.

It is clear that in the 10"6 through 10~ n second region, one cannot

hope to switch with substantially less power than that required for

semiconductor electronic devices, and appreciably lower switching

powers are possible with Josephson technology. In the 10
-12

through
10~ 14 second region, however, optical devices appear to have no com-

SWITCHING
ENERGY = )flJ

SWITCHING TIME IN SECONDS

1 GHz 1 MHz

FREQUENCY

Fig. 4—A comparison with the operating range of two other switching technologies:
semiconductor electronic devices, and Josephson devices. The operating point for a
biological "switch"—a neuron—is also shown for comparison.
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petition. This unique capability for sub-picosecond switching is one of

the most exciting aspects of optical switching technology.

The switching power required in this short-time region puts the

operating point well within the "thermal transfer" region discussed

earlier. For this reason, it does not appear feasible to design a high-

speed, general-purpose digital optical computer. However, for many

applications these thermal limits may not present severe problems.

Two points are worth noting. First, devices using a reactive nonline-

arity do not depend on the absorption of the incident light. Thus, most

of the switching power is transmitted by the device and the power

dissipated is much less than the power required for switching. Second,

for some applications, fast switching operations are required at rela-

tively low duty cycles. In both cases the temperature rise in the

switching elements will be much lower than the maximum value used

in computing the "thermal transfer" region boundary.

There are many other factors that relate to the choice of a switching

technology that cannot be shown on a power-time plot. In many cases

it is desirable to perform some signal-processing operation on a light

signal, either because the incoming signal is in the form of light or

because freedom from electromagnetic interference is desired. Optical

switching devices typically operate at room temperature. In many

cases, they have extremely large bandwidths and can be adapted for

many special functions such as rapid parallel processing of information.

For these reasons, there will be cases where optical switching systems

will be used, even in an area of Fig. 4 in which other technologies show

a switching-energy advantage.

VI. ILLUSTRATIVE EXAMPLES

We have shown that because of thermal problems associated with

the high packing densities required for rapid operation, optical switch-

ing elements are unlikely to be used as building blocks for a general-

purpose computer. For certain specific applications, such as the inte-

grated-optical spectrum analyzer recently developed for microwave

signal processing, and optical computers for picture processing and

pattern recognition,
15"17 special-purpose optical computers have al-

ready demonstrated their usefulness. We should also point out that

fast optical switching devices are opening up a new time region for

scientific studies, and picosecond spectroscopy is rapidly becoming an

important field of research.
18

In this section we will consider a few specific applications of optical

switching elements, and see where an extrapolation of current tech-

nology might lead. In many cases nonlinear materials with a suitable

combination of properties are not currently available. The materials
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we have chosen for these examples illustrate the wide range of prop-

erties that can be obtained.

6. 1 Low-energy optical switch

The lowest "switch-off " energy currently demonstrated is 0.5 pj for

a hybrid bistable device (see Table I). Extrapolation of this figure with

a LiNb03 device with minimum waveguide dimensions and assuming
current detector technology, we find 1 fJ operation should be possible.

A similar limit is found by extrapolating current figures for InSb
devices at 5 /im wavelength. These figures might be reduced still

further by using optical resonant structures related to those currently

being employed for surface-enhanced Raman studies. (See, for exam-
ple, Ref. 19.)

6.2 Highspeed optical switch

The highest-speed operation will be obtained with a device utilizing

a nonlinear material with an electronic nonlinearity. Such nonlineari-

ties are believed to have response times in the range of 10
-14

seconds.

For minimum device response time, a nonresonant configuration

should be used. A suitable configuration might be the self-focussing,

bistable optical switch described in Ref. 20. By focusing the input to a

spot size on the order of the wavelength of the light at the nonlinear

material, adequate discrimination between "on" and "off" states could

be obtained with a device length of 20 wavelengths. For a device using

as nonlinear material the polydiacetylene PTS 12 and light of 1 /im

wavelength, the response time would be 0.1 ps and the peak pulse

switching power would be 100 W. This power is low enough that it

might be reached with a mode-locked semiconductor laser diode.

6.3 4x4 optical switching network

If picosecond speed is not required, an optical distribution network
could be formed with integrated optics technology on a LiNbOa sub-

strate, as demonstrated by Schmidt and Buhl.
21 This example is

somewhat different from the others we have given, in that electrical

signals are used to control the distribution of the optical signals.

Kogelnik8 has addressed the question of the limits for the stepped A/?

couplers that comprise the switching units. He shows that the limiting

electrical energy, Esw, needed for one switch of the optical path is

given by

Esw-r= lOOpJXps, (25)

where t is the transit time through the device. A directional coupler

switch with a switching time of 110 ps and a transit time of 3 ps has
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already been demonstrated.
22 Switching times of 30 ps should be

possible with 1 /un electrode gaps.
22 LiNb03 waveguides suffer severe

problems at optical power levels higher than -100 juW in the visible

range. Much higher power levels are possible, however, if near infrared

light is used.

6.4 Image amplifier

An optical image amplifier could be made using an array of bistable

elements, as shown in Fig. 5a. Each element in the array is a self-

focussing bistable element similar to that described in Ref. 20. A
typical output characteristic for each element is shown in Fig. 5b. It

can be seen that a weak input signal {Is) produces a strong modulated

signal at the output when the input light level corresponds to the

SELF-
FOCUSSING
MEDIUM

TWO-DIMENSIONAL
,APERTURE

/ ARRAY

IMAGE
MODULATION
SIGNAL (ls )

"*
FLVSEYE

LENS

PARTIALLY
TRANSMITTING
MIRROR

(a)

Fig. 5—An optical image amplifier, (a) Schematic diagram, (b) Operating character-

istic of each element.
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"knee" in the characteristic curve. Thus, each spatial element behaves
as an "optical triode."

One possible nonlinear medium for this application would be a liquid

suspension of sub-micron dielectric particles. As shown in Ref. 23, this

medium exhibits a large nonlinear coefficient, although it has a slow

response time on the order of a second. Such times may be acceptable

for certain image-processing operations. If each element of the irfput

image is focussed by the composite lens to a spot size of ~A2
, with an

aqueous suspension of quartz particles one would require an input

power of 10 mW/resolution element at A = 0.5 /im and 1 mW/resolution
element at A = 5 /mi. Recent calculations

24
indicate that input powers

of ~100 juW/resolution element and a response time of ~1 /isec might

be possible using suitably doped GaAs as the nonlinear medium. The
verification of these ideas must await further experiments.

6.5 Optical time-division multiplexer and demultiplexer

As our final example, let us consider a high-speed optical time-

division multiplexer (or demultiplexer) that might be used to multiplex

picosecond optical pulses into a high-capacity optical fiber, and de-

multiplex the signals at the receiver to obtain low enough bit rates to

allow handling by optical detectors and subsequent electronic systems.
A multiplexer can be made from a number of triggerable switching

elements, as shown in Fig. 6a. A trigger pulse with the proper time

synchronization is required to multiplex pulses as shown. Each element

could be made from a properly designed bistable optical device, as

shown in Fig. 6b. This bistable device consists of a suitable nonlinear

optical material in a ring resonator. The ring geometry allows separa-

tion of the inputs and outputs. However, some polarization selectivity

may have to be employed to avoid interference effects between the

two input beams J$ and Ify. Let us assume here that pulses in these

two beams are never present simultaneously in the element. The
output intensity depends on the total input intensity//^ + I'm + Itrig,

as shown in Fig. 6c. If the input pulses are of intensity slightly less

than the critical intensity corresponding to the "knee" of the curves,

the output in the absence of a trigger input will consist solely of/$.
However, during the time that a small trigger signal Itrig is present,

the output will consist solely of If^. Because of the sharp "knee" in

the characteristic curves, only a small Itrig is required to accomplish

this switching.

In a similar way, one can perform demultiplexing by using an optical

"tap," as shown in Fig. 7a. A similar bistable ring resonator serves as

a triggerable "tap," as shown in Fig. 7b; the output characteristics are

shown in Fig. 7c.

An appropriate nonlinear material for use in these devices might be
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TOTAL INPUT INTENSITY
INPUT PULSE
INTENSITY
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•TRIGGER PULSE
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(c)

Fig. 6—Optical time-division multiplexer, (a) Overall schematic diagram, (b) Ring

triggerable bistable element, (c) Output characteristic of ring bistable element.

the semiconductor CdS. It has recently been shown13
that large non-

linear effects are found near the biexitonic resonance line. By using

light at X ~ 4836A, we will obtain a sufficiently large nonlinearity to

allow the device to operate at a pulse power level of about 1 mW with

a time response of ~1 ps. This material requires cooling to liquid

helium temperatures, however, and the wavelength range over which

this operation can be obtained is small (~5A). A material such as PTS
will avoid these difficulties, but will increase the peak power required
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Fig. 7—Optical time-division demultiplexer, (a) Overall schematic diagram, (b) Ring
triggerable bistable element, (c) Output characteristic of ring bistable element.
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to the 1 W level. As this power is only required for 1 ps, however, the

operating energy would still be a very reasonable 1 pJ.

VII. CONCLUSIONS

Having identified the physical limits for optical switching devices

and discussed some specific examples, let us try to draw some general

conclusions with regard to their future applications. The strong points

of optical switching devices are:

(i) Speed: With an electronic nonlinearity or free-carrier genera-

tion in semiconductors, sub-picosecond switching times are possible.

(ii) Bandwidth: With a nonresonant bistable optical device or a

nonlinear interface, a large fraction of the visible light bandwidth can

be used.

(Hi) Ability to treat directly signals already in the form of light.

(iv) Capability for parallel processing: With a liquid crystal bistable

array, image processing has already been demonstrated.
15

The weak points of optical switching devices are:

(i) High power is required for fast switching. This will tend to

create thermal problems unless highly transparent materials are used.

(ii) Materials do not yet exist that have the ideal combination of

properties for these devices.

(Hi) Theoretical and practical problems involved in waveguide and

microresonator formation in A
3 volumes have yet to be overcome.

(iv) The minimum size of an optical switching element cannot be

reduced below a volume of about X3 unless lossy metallic structures

are used.

The field of digital optical switching is a dynamic one in which rapid

progress is being made. New materials and devices are being proposed

and studied. Let us close by proposing some areas where future work

should be directed.

There is clearly a need for good optical quality, high-nonlinearity

materials with low absorption coefficients. The development of such

materials will have a great impact on future applications. Techniques

must be developed for fabricating optical waveguides and optical

resonant structures with dimensions on the order of optical wave-

lengths. For many applications, the problem of regeneration of signals

associated with 'fan out' is important.
7 Some types of bistable lasers

may well find use here. Finally, the general problem of the optics

—

electronics interface (i.e., making optics compatible with electronics)

—

is one that will require a good deal of attention if the most effective

use is to be made of the tremendous potential of digital optical

switching.
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